Abstract: Recently developed broadband acoustic methods were used to study mixed assemblages of fish spanning a wide range of lengths and species. Through a combination of resonance classification and pulse-compression signal processing, which provides for high-range resolution, a modified commercial broadband echosounder was demonstrated to provide quantitative information on the spatial distribution of the individual size classes within an assemblage. In essence, this system spectrally resolves the different size classes of fish that are otherwise not resolved spatially. This method reveals new insights into biological processes, such as predator-prey interactions, that are not obtainable through the use of a conventional narrowband high-frequency echosounder or previous broadband systems. A recent study at sea with this system revealed aggregations containing bladdered fish 15-30 cm in length (Atlantic herring (Clupea harengus) and silver hake (Merluccius bilinearis)) and a variety of species of smaller fish 2-5 cm in length. These observations infer that the smaller 2-5 cm fish can be colocated in the same aggregations as their predator, the larger silver hake, as well as pre-spawning herring. While this technological advancement provides more information, there remain challenges in interpreting the echo spectra in terms of meaningful biological quantities such as size distribution and species composition.
Introduction
Fish are commonly studied through a combination of nets and acoustic echosounders (Medwin and Clay 1998; Simmonds and MacLennan 2005) . Nets provide information regarding species composition, biological aspects (length, mass, maturity, sex, diet, and age), and, to some degree, spatial distribution. Echosounders provide contiguous, high-resolution information on the spatial distribution of fish throughout the insonified water column. Each approach has limitations, which is why they are used in concert. For example, nets have selectivity and catchability issues (Hoffman et al. 2009) and can under-sample the spatial structure of fish aggregations. In the case of echosounders, significant ambiguities in interpretation can occur, especially when narrowband sound is used (Stanton et al. 2010) . When used together, nets provide "point" samples of fish, while the acoustics data are synoptic and can be used to "connect" the point samples at high resolution.
For monospecific assemblages of fish containing a narrow distribution of sizes, the combination of nets and narrowband echosounders has been successful in providing abundance estimates. In this case, size and orientation distributions are assumed to be known, so the echo can be related directly to numerical density. However, for the case of mixed species assemblages where there is a wide distribution of sizes, the ambiguities of confounding fish size and species cannot be eliminated with narrowband acoustics (Horne and Jech 1999) . In this case, there are more variables (e.g., size distribution, species-dependent scattering properties, and orientation distribution) than the single-frequency data can adequately infer. In essence, this is an under-determined problem (Holliday 1977a; Stanton et al. 2010) .
Sizes of fish with swimbladders were originally studied and, in some cases, spectrally discriminated, through the use of broadband sound as early as the1940s by Hersey, Backus, and others, as briefly reviewed in Chapman and Marshall (1966) . The work involved the use of broadband sound in the upper hundreds of hertz to low kilohertz frequencies to exploit the resonance of the swimbladder. Since some species of fish do not have swimbladders, the technique did not apply to those fish. Later studies on this topic were conducted by numerous investigators, including Holliday (1972) , Hall (1981) , and Thompson and Love (1996) . Given the importance of the early studies, the methods were expanded to operations around the globe (Chapman et al. 1974) . In those studies (except for some reported in Holliday 1977b), explosive charges were used to create the broadband sound. Some of the data reported in Holliday (1977b) were collected with a seismic arcer as an acoustic source. Chapman and Marshall (1966) observed up to three resonance peaks in an aggregation of fish in the North Atlantic. Because the resonance frequency depends upon the volume of the swimbladder, which in turn is related to the size of the fish, the results suggested the presence of three size classes of fish.
A major advantage of broadband sound is that more acoustic information is available, allowing the size classification of mixed assemblages of fish. A major disadvantage of the early approaches was the use of explosives. In addition to being dangerous to handle, explosives could not be used frequently enough to precisely map the spatial distribution of the fish. Furthermore, the source signal was not consistent from explosion to explosion, causing challenges in the interpretation of the data. The latter shortcomings are also associated with a seismic arcer. Prototype hardware involving piezoelectric transducers helped address those issues with multiple closely spaced, discrete frequencies spanning the range of resonance of Atlantic herring (Clupea harengus; Nero et al. 2004) .
The above work, which all involved backscattering of sound, has been complementary to that of Diachok and colleagues, who have used a wide range of frequencies to measure the attenuation of sound due to the presence of fish with swimbladders (Diachok et al. 2001; Diachok 2002 Diachok , 2005 . In this geometry, the source and receiver are separated by a large distance. Strong peaks in transmission loss have been connected to the size and depth of the fish present. Because of the wide range of frequencies used, different sizes of fish can be discriminated within the same aggregation.
Recently, new broadband acoustic methods were developed that are superior to conventional narrowband systems and previous broadband systems (Stanton et al. 2010) . A commercial broadband echosounder was adapted so that its lowest frequency channel could be used for resonance classification of swimbladder-bearing fish. This system, which uses piezoelectric transducers, produces high-quality, controlled source signals that are consistent from ping to ping. Using a sequence of one ping per 1-2 s, this downward-looking towed system can be used to routinely study the spatial distribution of fish at high resolution. The high (range) resolution is obtained through pulse-compression processing, and the observed spectral peaks associated with resonances from each major size class can be studied (within the limits of the bandwidth of the system) individually within an aggregation.
This approach is superior to narrowband systems because of the significant information obtained through the broadband signals, such as spectral resolution. Furthermore, it is superior to all previous broadband systems cited above because of the combination of a controlled transmit signal, a transmit repetition rate of one ping per 1-2 s, and pulse-compression processing, resulting in the ability to routinely map the interior of aggregations. With those previous systems, the aggregations could not be studied at high spatial resolution because of the lack of a controlled transmit signal, a low repetition rate of transmit signal, and (or) the lack of pulse-compression processing, thus preventing measurement of detailed information on relative location of different size classes. Although technologically superior to the previous systems, there remain the same issues associated with interpreting the resonances as with the other systems. In the first use of the new system at sea, monosized, monospecific aggregations of fish were studied, and a single resonance peak was observed (Stanton et al. 2010) .
More recently, a near-identical replacement of the Stanton et al. (2010) broadband system and associated new methods were used to study mixed assemblages of fish in the ocean. First-of-a-kind results are given in this paper, where size classes of fish are spectrally resolved that would otherwise not be resolved spatially. In two examples, strong spectral peaks at two frequencies were resolved within aggregations of fish, corresponding to resonances from two major size classes. The spatial distributions of the two size classes are inferred within each aggregation. A possible third resonance, detected in the "shoulder" of one of the strong peaks, is also explored. Modeling of the resonances is conducted to infer numerical densities of each size class. Challenges associated with interpreting the spectral information in terms of meaningful biological parameters such as size distribution are discussed. Parts of this work were first presented in Gauss et al. (2009) .
Materials and methods

Experiment and broadband calibration
The study was conducted over Georges Bank, east of Cape Cod, Massachusetts, USA, during the period 9-19 September 2008. The study was part of the annual survey of Atlantic herring by the US National Marine Fisheries Service (NMFS). Two ships were used: (i) the FR/V Delaware II (NMFS vessel), which deployed a pelagic rope trawl to sample the fish (mouth opening of 300-350 m 2 when towed at 4-5 kn) and also used high-frequency narrowband echosounders mounted on the hull (Jech and Michaels 2006), and (ii) the R/V Endeavor, which towed the broadband echosounder for resonance classification of the fish. The study was conducted in a 5 km × 5 km area in the northwest section of the bank in water depths of approximately 200 m. Both ships conducted many concurrent transects in the same area, although normally along different paths. The net tows were typically 3-8 km long, including deployment and retrieval. The longer tows corresponded to when fish near the seafloor (∼200 m deep) were sampled. The median distance covered while at the desired depth (all tows) was 2.5 km.
The broadband acoustic system (Edgetech) is a nearly identical replacement to the one described in Stanton et al. (2010) . The major difference relevant to this study is that, although the lowest frequency channel uses the same type of transmitting and receiving sensors as the predecessor (resulting in the same beam widths), a chirp transmission signal was used with a 100 ms duration (vs. 10 ms before) and spanned the frequency range 1-6 kHz (vs. 0.5-14 kHz before). In addition, the transmitter was mechanically isolated from the towbody. Consequently, the system had a signal-tonoise ratio (SNR) that was superior to that of the original system. The SNR of the replacement system was typically 10-25 dB across the frequency band while being towed routinely near the surface (typically 10-20 m below the surface at 3.5 kn speed) and imaging aggregations of fish throughout the entire water column. As with the original system, the new system could also be deployed to approximately 150 m deep at the same tow speed to study fish at shorter ranges. This improved the resolution, allowing individual fish to be resolved as well as further improving the SNR (Stanton et al. 2010) . Also, the 1-6 kHz pulse was temporally compressed through a cross-correlation method to provide a range resolution of approximately 20 cm (Stanton et al. 2010) .
As with the previous system, the system response is not uniform across the 1-6 kHz band. The response drops rapidly below 1.5 kHz, heretofore referred to as the lower "band edge", although strong echoes can still be detected in the 1.0-1.5 kHz range, such as in some examples in this paper.
The system was calibrated at sea at the operational depth using a standard spherical target and the new broadband calibration methods described in Stanton and Chu (2008) and Stanton et al. (2010) . The difference here was the use of a 30 cm diameter solid Al sphere (vs. 20 cm before), which provided a stronger echo and resulted in a detectable signal across the entire frequency band. Since the scattering resonances of the sphere were weak in the 1-6 kHz range, the spectral response was smoothly varying, and a full-wave calibration (defined in Stanton and Chu 2008) was performed in this frequency band.
Data processing and modeling
The pulse-compressed broadband echoes were converted to standard units of volume backscattering strength as a function of frequency through the use of the equations derived in Stanton et al. (2010) . Once the peaks in the spectral data were identified, predictions of volume backscattering strength were made with the purpose of inferring the numerical density N of the size class corresponding to each peak. The predictions were made using the equations and assumptions presented in Nero et al. (2004) .
In Nero et al. (2004) , the swimbladder of each fish was assumed to dominate the scattering at these frequencies, and the remainder of the fish was assumed to contribute a negligible amount to the scattering. The swimbladder is modeled as a prolate spheroid with its ends fixed, as given in more detail below. The general equations from Love (1978) were simplified in Nero et al. (2004) by (i) keeping the dominant damping terms related to acoustic radiation and viscosity and ignoring thermal damping and (ii) ignoring tension of the swimbladder wall in the calculation of resonance frequency. Also, as in Nero et al. (2004) , only first-order scattering is assumed with no extinction, the resonance properties of the individual fish are assumed to not be affected by the presence of neighboring fish, and a simple incoherent summation of the backscattering cross-sections of the individual fish was made. The first two assumptions are valid because of the relatively low densities of fish observed in this study (fish separations of the order 5-25 body lengths), and the third is from the fact that the distributions of the fish are random and do not resemble a crystalline lattice (Feuillade et al. 1996; Nero et al. 2007; Hahn 2007) . There is a typographical error in Nero et al. (2004) in the factor, z, that corrects the resonance frequency for the nonspherical shape of the swimbladder. The correct form is given in eq. 8 of Love (1978) (and also given by Ye 1997) , which was used in this paper.
Note that the spectral peaks referred to throughout this paper are those observed from a distribution of sizes of fish. Specifically, for a given depth, a peak from a distribution of fish is due to the summed signals of scattering by individual fish, each with a different resonance frequency due to its different size. The width of a spectral peak from a distribution of fish will be wider than that of an individual fish, owing to the width of the size distribution.
Modeling the resonance of the swimbladder required separating the fish into two major groups -physostomes and physoclists (reviewed in Diachok 2005) . In the former case, the volume of the swimbladder changes with depth approximately following Boyle's law, which, in turn, contributes to changes in the resonance frequency of the swimbladder (5/6 power of ambient pressure). In the latter case, the volume of the swimbladder remains constant for each fish size (given no rapid changes in depth), resulting in a resonance frequency that is more weakly dependent upon depth than it is in the physostomes (1/2 power of ambient pressure).
In addition to accounting for change in the volume of the physostome swimbladder as a function of depth, the possible change in shape must also be considered. In spite of significant anatomical evidence that the length of the swimbladder might be constrained (and possibly "fixed") as the swimbladder shrinks with increases in depth, there is compelling empirical evidence in measurements of resonance frequency that the swimbladder shrinks uniformly (i.e., a "free" swimbladder), as reviewed in Diachok (2005) . Contrary to that review, but involving data collected at much higher frequencies, in a study by Gorska and Ona (2003) , the length of the swimbladder of herring (a physostome) was inferred to remain fixed as the depth of the herring increased to 300 m. The inference was made through modeling the swimbladder as a deformed finite cylinder, of fixed length, with the crosssectional radius varying according to Boyle's law. However, these latter acoustic studies do not directly relate to this cur-rent study, as the studies were conducted at frequencies well above resonance, where the scattering was dominated by the surface of the dorsal side of the swimbladder, not its volume. The correction factor for resonance frequency associated with changes in shape would vary on the order of several tens of percentage points over the entire depth. To be consistent with the Nero et al. (2004) analysis that used the fixed-length constraint, the length of the swimbladder for the modeling of herring is held constant (with the cross-sectional radius varying according to Boyle's law).
For simplicity and owing to lack of detailed information on each species of fish, the volume, V, of the swimbladder of all fish at the surface was assumed to vary according to the 3.35 power of fish length, L, using the formula V = AL 3.35 (where V is in cm 3 and L is in cm) in the same manner used by Nero et al. (2004) for Atlantic herring, where the mass was related to length. Different values of the coefficient, A, in this relationship were used for each of the following size classes of fish -Atlantic herring (19-29 cm), silver hake (Merluccius bilinearis, 15-30 cm), and a mix of species of small fish (2-5 cm). This coefficient was chosen based on the best fit between scattering predictions and data. In essence, empirical determination of this parameter involved information concerning the acoustically determined volume of the swimbladder. Through this process, and to maintain a best fit, the coefficient varied between two samples from different depths within the same class of fish. Also, because the volume of the physostome swimbladder changes with depth, the constant is determined for the volume at the sea surface using data from the deeper depths and extrapolation through Boyle's law.
Another modeling constraint involved the quality factor, Q, which is defined as the resonance frequency divided by the width of the resonance curve (from an individual fish) and depends upon the damping term, x (same notation as in Nero et al. 2004) , of the fish. Other studies demonstrated that the quality factor of resonant fish is normally a single-digit number, of the order 1-5. These studies include resonance measurements with a fixed depth of fish (Batzler and Pickwell 1970; McCartney and Stubbs 1970) and later measurements, where the depth of the fish was varied and depth dependence of resonance properties and adaptation of those properties to changes in depth were studied (Sand and Hawkins 1973; Sundnes and Sand 1975; Løvik and Hovem 1979) . The constraint on the quality factor imposed a corresponding restriction upon x.
Inferring parameters from the data
Inferences of biological and acoustical parameters from the data, based on the modeling described above, involved directly using the size distribution observed in the trawl samples. This constraint then dictated other aspects of the modeling. In essence, this is a three-parameter fit of the model to the data, which concerns center frequency, amplitude, and width of the spectral peaks. The three parameters, A, N, and x, are inferred from the fit with the constraint on Q, and hence x, as mentioned above.
A potential source of error is that there were nonconcomitant acoustic and trawl sample volumes. To address this issue, trawl data were categorized and combined according to day, night, shallow tow, and deep tow and used as the basis for the acoustic modeling.
The modeling process began by summing the scattering contributions from each length within a length distribution (corresponding to a given length class) based directly upon the trawl data. If there was more than one length distribution contributing to the scattering in a given acoustic sample window, then the contributions from each length distribution were combined to form the final scattering curve for that sample window. For each length distribution, the three parameters were varied as part of the curve-fitting process in the following order: (i) A was varied to match the modeled frequency of the spectral peak of the length class with the observed frequency; (ii) N, applied uniformly to each length distribution, was varied so that the amplitude of the modeled spectral peak matched the observed amplitude; and (iii) x was varied in the model to match the width of the observed spectral peak.
The width of the peak from the scattering associated with a size class is due to a combination of the width of the length distribution and the inherent damping of each individual fish. The damping term is associated with the damping from the individual fish and was varied to increase the width of the collective resonance scattering curve beyond the width solely due to the length distribution. To be consistent with the studies cited above, the damping term was restricted so that the resultant quality factor for the individual fish was kept at or below a value of 10. Also, since varying x also results in a change in the amplitude of the peak, the numerical density was changed again, in an iterative manner. Numerical density of each of the three size classes of fish was allowed to vary freely without bounds.
As part of the calculations, an error term was calculated (sum of the square of the difference between the scattering prediction and data, on a linear scale). The terms A, N, and x were varied until the error term was minimized.
Results
Acoustic measurements
Assemblages of fish were observed in the acoustic data both near the seafloor and in the upper water column (Figs. 1 and 2). The volume backscattering strengths measured with the broadband echosounder contained strong resonances in all aggregations (day and night; upper water column and near the seafloor). In a study of 12 aggregations in the study area, sections within aggregations were selected, and the frequency at which each spectral peak occurred was extracted (Fig. 3) . This peak is associated with resonances of the fish swimbladders. Generally, there was a single peak in the data involving the fish near the seafloor at about 2.7 kHz, and there were two major peaks in the data from the upper water column at about 1.5 and 3.7 kHz. There were generally a comparable number of peaks at 1.5 kHz as at 3.7 kHz in each aggregation in the upper water column, as is illustrated for aggregations E and J (Fig. 2 ). There were also several aggregations or portions of an aggregation (all upper water column) in which there were far more of the peaks at 1.5 kHz than at 3.7 kHz. This occurred near 80-130 m depth (e.g., the open and closed triangles in Fig. 3) .
The nighttime acoustic data from the upper water column were examined in detail by constructing the equivalent of echograms of volume backscattering strength as measured at each of the two major peak frequencies (Fig. 2) . Data from two aggregations (E and J) were examined, where each aggregation was subdivided into sampling windows of 5 m depth and about 160 m length. All window depths reported are the mean depth of the window; thus the depth range of the sample window is the mean depth ±2.5 m. In each case, the volume backscattering strength associated with the lower resonance frequency (that is, due to the larger fish) remained within a 6-7 dB range of values throughout the aggregation, with peak values occurring at the mid-depth portions of the aggregation and decreasing toward the upper and lower extremes. In contrast, although the volume backscattering strength associated with the higher peak frequency (that is, due to the smaller fish) similarly remained within a 6-7 dB range in aggregation E, there were changes of 14 dB versus depth in aggregation J. Specifically, the volume backscattering strength in aggregation J for the higher resonance frequency decreased with depth from the mid-depth peaks by about 14 versus 7 dB for aggregation E. Depth dependencies of the resonances were also examined (Fig. 3) . Some of the data (aggregation B) showed the spectral peak at 2.7 kHz at the deep depths (near the seafloor) having a general trend in which the peak frequency decreased monotonically with decreasing depth, approximately according to Boyle's Law (which results in a resonance frequency depending upon a 5/6 power of depth), toward a value of 1.5 kHz at the shallower depths. At the shallower depths (upper water column), the 1.5 kHz peak frequency data had two trends -one to increase with increasing depth (indicated by the arrow labeled "2", Fig. 3 ) and one in which it did not vary with depth (indicated by the arrow labeled "1", Fig. 3 ). The data following this latter (depth-independent) trend were observed down to depths below the surface of 125 m. The 3.7 kHz peak frequency observed in the upper water column did not show depth dependence. The peak frequency in this case varied (±200 Hz) around the mean value of ∼3.7 kHz. Given the fact that more than one depth dependence was present in some data, a regression analysis of the dependencies was not conducted, since it would be subject to a qualitative selection of subsets of data.
A significant complicating factor in the data (some of which are analyzed below) involved the fact that the lower edge of the frequency band of the system was at about 1.5 kHz (Fig. 3) . The SNR was generally quite acceptable (up to ∼30 dB) for strong peaks near 1.5 kHz, especially for the data involving shorter ranges. Furthermore, for the shortrange data illustrated, the SNR decreased for frequencies below 1.5 kHz to 15 dB at 1.0 kHz, which is still an acceptable value (Fig. 1d) . However, the slope of the transducer response in the range 1.0-1.5 kHz was large, which no doubt caused error in the calibration in that range and, hence, error in identifying the resonance peak near those frequencies. This effect associated with system sensitivity near the band edge probably contributed to at least some of the apparent independence upon depth of the resonance frequencies at 1.5 kHz.
Trawl samples
Trawl samples showed that there were two major size classes of fish in the area spanning multiple species, the vast majority of which contained swimbladders (Fig. 4) . The sizes involved smaller fish (fork length, L ∼2-5 cm) and larger fish (mean L ∼25 cm). Illustrated are all data combined from 17 tows that were conducted day and night and throughout the entire water column, the combined data from 5 tows conducted at night in the upper water column (20- (Figs. 4a, 4b , and 4c, respectively). The samples collected from the upper water column at night contained two major size classes, with the larger size class dominated by Atlantic herring (physostome) and also containing silver hake, and the smaller size class containing several species (Acadian red fish (Sebastes fasciatus), silver hake, red hake (Urophycis chuss), white hake (Urophycis tenuis), butterfish (Peprilus triacanthus), and pearlside species (Maurolicus spp.), all physoclists). These species constituted 95%-100% of the species composition in all but two tows. In these two tows, juvenile goosefish (Lophius americanus) made up 15% and 18% of the catch (nine and six individuals, respectively). The juvenile goosefish were not included in the analysis as they do not have a gas-filled swimbladder.
Samples intended to be collected principally near the seafloor showed two size classes of fish as well. However, as the nets passed through the upper water column layer on the way to and from the seafloor with the net open, fish were most likely caught in the upper water column. Echograms (not shown) confirmed the presence of a scattering layer in the upper water column during each of the tows near the bottom. From past experience in this area, the fish near the bottom forming dense aggregations such as illustrated were estimated to be generally dominated by Atlantic herring with a mean length of about 25 cm (Fig. 1) (Nero et al. 2004; Jech and Michaels 2006) .
Resonance modeling
The acoustic data are further explored through modeling the resonance scattering ( Fig. 5; Table 1 ). Two of the three sample windows are illustrated explicitly (Fig. 1 , depths of 55 and 182 m), and the third (82 m) is from one of the windows in aggregation E (Fig. 2) . As described above, the scattering model is taken directly from Nero et al. (2004) . Although there were two dominant spectral peaks described above for the data in the upper water column, to fit models to some of the data, and with the restriction of using length distributions from trawls without modification, up to three sets of resonances were required: the two sets of resonances (one set per spectral peak) that were described above, and one to describe the "shoulder" at 2 kHz of the 1.5 kHz peak (Figs. 1d and 5a) . Two sets of resonances were required in another selected sample in the upper water column (Fig. 5b) , while only one set of resonances was required in the samples near the seafloor (Fig. 5c) .
The length distributions used in the scattering modeling of the resonances from the data collected at nighttime in the upper water column are illustrated (Fig. 6) . Here, herring . Data from different aggregations were assigned the same symbol when they were collected during the same day (first light through early morning) or the same night (when it was completely dark). At the shallower depths (40-90m), two peaks were generally observed in each aggregation. Three points ("1", "2", and "3") are identified, which are analyzed later. Three theoretical curves are superimposed, representing two functional dependencies of resonance frequency versus depth. The band edge, which occurs at 1.5 kHz, is represented by the horizontal broken line.
Atlantic herring
Atlantic herring and large silver hake are distinguished, but all small fish (including small silver hake) are combined. As discussed above, the length distributions used in the simulations are identical to the length distributions estimated from the trawls, with the exception of the need to use a finer resolution distribution for the small fish. In this latter case, the 1 cm size bins from the trawl were interpolated to 0.25 cm resolution, as shown in the figure. This adjustment was made to better match the relative resolution (5%) of the larger fish. Also, the length distribution for large silver hake was only used for the modeling in the window from the depth of 55 m. The length distribution used to model the daytime near-bottom data used herring data (from Fig. 4c ) directly at the same 1 cm resolution.
For the purpose of illustration, the distribution of each of the three types or species of fish is normalized independently so that the area in each of the three histograms is unity (Fig. 6) . The scattering predictions weight each simulated distribution by an inferred numerical density, N (one per each of the three categories of fish), as illustrated (Table 1) . Thus, when making reference to using the "same" size distribution, that means that they were the same on a normalized scale (that is, same shape), but the modeling involved uniformly scaling the distributions through use of the numerical density of fish.
Discussion
Acoustical inference and issues
The acoustic data, in combination with the trawl data, suggest one major size class of fish consistently near the seafloor and two consistently in the upper water column, where the spectral peak at the lower frequencies corresponds to larger fish and the spectral peak at the higher frequencies corresponds to smaller fish. Furthermore, for the reasons given below, there are most likely two types of fish contributing to the lower frequency peak in the upper water column -physostomous and physoclistous. This resonance information is used to infer variation of numerical density of the different size classes within the aggregations in the upper water column.
Inference of sizes and types of fish
In the upper water column, a correspondence between the two major peaks to the presumed Atlantic herring and small fish, as well as the shoulder of the herring resonance to the presence of silver hake, can be inferred from the resonance modeling. Some of this correspondence is consistent with the depth dependencies, or lack thereof, of the resonances. For example, the lower frequency peak at 2.0 kHz and 82 m depth in aggregation E is shown to be part of a class of data following the 5/6 power of depth, indicative of a physostome (herring). The lower frequency peak at 1.5 kHz and 55 m depth in aggregation J occurs where there appears to be a mix of depth dependencies (whose analysis is complicated by the presence of the band edge). There are also data from near the seafloor that vary according to Boyle's law (aggre- gation B), indicating that those fish are physostomes. Those data lie near the Boyle's law curve extrapolated from the upper water column (subset of data from aggregations D, E, J, K), suggesting that the fish from those two sets of data are the same size and species and that the fish is a physostome. The fact that the two curves with a 5/6 slope are offset from each other suggests that the physostomes are of slightly different sizes, as suggested by the differences in inferred V surf and differences in skew in size determined by the net sampling.
Issues concerning depth dependence of resonances
The independence (or weak dependence) upon depth of the fish in the upper water column producing resonance peaks at 1.5 and 3.7 kHz is not consistent with an expected scattering response for either of the two types of swimbladders. For example, although the volume of the swimbladder of physoclists remains independent of depth (once adjusted to the depth), the resonance frequency still varies with depth according to a 1/2 power. Another complicating factor in this interpretation is that physoclistous fish take time to adapt to a depth. In this latter case, the swimbladder may follow Boyle's law before it adjusts to the depth, temporarily resulting in a 5/6 rather than 1/2 power dependence upon depth (Sand and Hawkins 1973; Sundnes and Sand 1975; Løvik and Hovem 1979) .
The above questions concerning the independence of depth of the resonance frequency remain unanswered in this current study, although it is important to note the connection between the spectral peak at the higher frequencies (3.7 kHz ± 200 Hz) in the upper water column and the presence of the 2-5 cm fish that are all physoclists. If the same mechanism that is apparently causing the 2-5 cm fish to have resonances that are independent of depth also applies to the 15-25 cm silver hake at those depths, then that would explain, at least in part, the independence of depth of the resonances near Note: Parameters are mean and standard deviation of fish length, L and s L , respectively; volumes of swimbladder (as estimated from modeling of the resonance) at the surface and depth of the sample window, V surf and V depth , respectively, for the given mean fish length; the constant, A, in the swimbladder volume to fish length relationship, as determined empirically from the acoustic resonance data (i.e., from acoustically inferred volume of swimbladder); the quality factor, Q, of each resonance, as estimated for an individual fish; the viscosity parameter, x, of fish flesh; and the numerical density, N, of fish for each category, as inferred from the acoustic data. Also, the following parameters were fixed throughout the modeling: sound speed in water c = 1500 m·s . Length distributions of fish used in simulations corresponding to data collected at night in the upper water column. The data are based on trawl samples given in Fig. 4b . The herring and large silver hake distributions are taken directly, unaltered, from Fig. 4b . The distributions from all smaller fish (including small silver hake) from Fig. 4b were combined into one group, "Mix of small fish". The resolution of the trawl samples is 1 cm, although the simulations for the small fish required it to be interpolated to 0.25 cm as shown. The plots illustrate the length distributions used in the scattering modeling in Figs. 5a and 5b, although while the large silver hake and herring are used along with the small fish in Fig. 5a (55 m), only the large herring (no large silver hake) along with the small fish are used in Fig. 5b (82 m) . Each distribution is shown on a normalized scale (area in each distribution is unity).
1.5 kHz (although note the qualification described above for resonances observed near the band edge of 1.5 kHz). This is not unreasonable to hypothesize, since there are also silver hake in the 2-5 cm size class. This fact, in combination with there being both silver hake and herring of similar size (15-30 cm range) in the upper water column, suggests that both physostomous and physoclistous fish in the upper water column are causing the same or similar resonance peak of 1.5 kHz.
Comparisons of spectral peaks and swimbladder volumes with other studies Spectral peaks observed for near-bottom dwelling fish, presumed to be herring, were observed to be 2.5 and 3.7 kHz at similar depths, location, and time of year in the studies of Nero et al. (2004) and Stanton et al. (2010) , respectively. The peaks reported in this paper at ∼2.5-3.0 kHz are more consistent with the data from Nero et al. (2004) than with those from Stanton et al. (2010) . The 2.5-3.0 kHz peaks in this paper were observed during early daylight hours (first light to early morning), the 2.5 kHz peaks in Nero et al. (2004) were observed during both day and night, while the 3.7 kHz peaks in Stanton et al. (2010) were observed during the day. Although the towbody deployed in Stanton et al. (2010) was towed deep near the fish, in contrast to it being towed near the surface in this current study, the system was calibrated at the depth at which it was towed in each of the studies. Note also that there is the appearance of a small, higher frequency peak near 5 kHz in the Nero et al. (2004) data, suggesting the presence of two size classes of fish in that study as well.
Since the observed spectral peaks at 182 m depth in this study are similar to the strong peaks observed in Nero et al. (2004) and the same scattering model was used, then the inferred volume of the swimbladder of the herring in this study is similar to that inferred by Nero et al. (2004) at that depth. However, the inferred volume of the herring at this and the other depths are higher than those predicted by the regression equation in Fässler et al. (2009) . In that study, three-dimensional images of the swimbladder were formed in a laboratory using a magnetic resonance imaging system for a single dead herring (total length = 25.0 cm) for pressures up to the equivalent of 60 m depth. Our inferred volumes at depths of 55 and 82 m were about 70% higher than those predicted by Fässler et al. (2009) at each of those depths. However, our inferred volume at 182 m was four times that predicted by Fässler et al. (2009) . Given how little information is available on the volumes of swimbladders at these depths, this remains a research question.
Inference of density variations of different size classes
The above resonance and trawl information can be used to infer the variations of density of the different size classes of fish. For example, if the changes in volume backscattering strength of the higher resonance peaks in aggregations E and J were simply equated to changes in numerical density (that is, assuming that the backscattering strength varies as 10 times the logarithm of numerical density), then the observed decreases of 7 and 14 dB would correspond to decreases in numerical density by factors of 5 and 25, respectively. However, the resonance scattering characteristics of fish with swimbladders may also vary with depth, which needs to be accounted for.
Issues associated with inferring density
At resonance, the backscattering cross-section is proportional to the product of the square of the equivalent spherical radius of the swimbladder and the square of the quality factor (Love 1978) . The equivalent spherical radius of the swimbladder of the physostome decreases with depth according to Boyle's law. However, the radius of the swimbladder of the physoclist remains constant with depth. There is very little information regarding the depth dependencies of the quality factor of the different types of swimbladders, as reviewed in Diachok (2005) . Data from shallow depths (fish at depths <60 m) show that the quality factor of some physostomes increases linearly with depth. That same linear relationship holds for one species of physoclists (cod; Løvik and Hovem 1979) , while the quality factor is constant for another species of physoclist (coalfish; Diachok 2005), both for shallow depths. For deeper depths (>150-200 m), other scattering mechanisms dominate, and the quality factor for cod decreases with depth (Sand and Hawkins 1973) . Once accounting for the various depth dependencies (shallow depths, such as in the upper water column in this study), the backscattering cross-section at resonance will vary according to the 4/3 power of depth for the physostome and, for the physoclist will either be constant with depth for a constant quality factor or vary according to the square of depth for the variable quality factor.
These dependencies suggest that for a hypothetical case of a constant numerical density of physoclists, the volume backscattering coefficient (which is the linear form of the volume backscattering strength) should monotonically increase approximately with the square of depth at resonance (variable quality factor) or remain constant in the case of the quality factor being independent of depth. Likewise, the volume backscattering coefficient for a constant numerical density of physostomes should monotonically increase with depth according to the 4/3 power of depth.
The observed trend of the scattering level of each resonance of each aggregation is either a very weak dependence upon depth or it contains a peak in the mid-depth portion, suggesting that the density varies with depth, perhaps differently for the large and small fish. With an assumption that the herring dominate the lower resonance and follow the above 4/3 dependence upon depth, then these data suggest that the herring are concentrated more toward the upper portion of the aggregation, while the small fish are either concentrated more toward the upper portion or the middle portion of the aggregations, depending upon what depth dependency their quality factors follow. Furthermore, the smaller fish in aggregation J have a much stronger tendency toward being located at or above the middle of the aggregation than in aggregation E. If the larger silver hake dominated the lower spectral peak, then they were more concentrated in the upper or middle portions of the aggregations. Regardless of which depth dependence the resonance frequency follows for each species, all resonances throughout each aggregation are strong, indicating the presence of all sizes of fish throughout each aggregation.
Quality of acoustic data
Interpretation of the resonances is also subject to the quality of the acoustic data, which is not uniform across the frequency band, although generally the quality is very high. For example, the data were calibrated through averaging hundreds of pings from a precision-made standard target (sphere), resulting in an accuracy of the values of S v in the 1.5-6 kHz range to be within 1 dB. In addition, the SNR was 25-30 dB at the spectral peak associated with the herring and was at least 20 dB for all frequencies between the peak and the upper edge of the band at 6 kHz. The quality varied more at the lower band edge of 1.5 kHz. For example, at 55 m depth in aggregation J, the (herring) peak occurred at the lower band edge with a SNR of 25 dB (Fig. 5a) . However, while the SNR was also 25 dB at the lower band edge at 82 m depth in aggregation E, it was only 3 dB at that edge at 182 m depth in aggregation RT4 (Figs. 5b and 5c , respectively). Furthermore, for frequencies below 1.5 kHz, the slope of the spectral response of the system was relatively high and was a potential source of greater error in the calibration. Because of that high slope, the data were generally not shown, except for the case in Fig. 5a , where the SNR was 15 dB at 1.0 kHz and the data were shown with small symbols, indicating uncertainty in the quality. In all three plots, the data were higher than the model predictions at the lowest frequency. The discrepancies in Figs. 5a and 5c can be explained, in part, by the data being in the high slope of the calibration curve (below band edge) or having poor SNR, respectively. The presence of larger fish not caught by the trawl, but causing the elevated levels at the lowest frequencies, cannot be ruled out.
Acoustics-trawl comparison and associated errors
Biological interpretation of the data was subject to the connections made between the acoustic and trawl data, as well as accuracy of model parameters. As discussed above, the resonance predictions were constrained with data from the combined trawl samples. While trawl samples were not identically colocated with the acoustic samples, the acoustic and net transects were all in the same 5 km × 5 km area and were of comparable length, and the fish remained in this region throughout the study. Furthermore, had they been colocated, there would have remained errors associated with matching sample volumes of the trawl and the acoustic beam, as well as the size-dependent catch efficiency of the trawl. In addition, there was error due to the unknown relationship between the swimbladder volume and the fish length, and hence one relationship was used with an inferred coefficient. The coefficient sometimes needed to vary with depth.
Other modeling approaches
An alternative to the modeling approach used in this paper is to use the trawl samples as an initial condition and then modify the shapes of the modeled fish size distributions for the best fit between modeled spectral peaks and acoustic data. The result would be inferred size distributions of fish. In this case, there are far more model parameters (one per length bin in addition to the other scattering parameters), which allows for much more flexibility in fitting the resonance curves to the data. As attractive as this approach is, the current approach was chosen given the objective nature of using the trawl samples directly and the lack of knowledge of the key parameters of the models, such as acoustic damping factors of the swimbladder and swimbladder volume to fish size relationship. Another major issue involves the depth dependence of the resonance scattering properties, which depends not only on whether the fish is a physostome or physoclist, but also on its ability, and associated time, to adapt to changes in depth. In future studies, these various properties could be estimated independently rather than inferred from the acoustic data. In that case, and assuming an accurate scattering model, a broadband signal such as the one used in this study could be used to infer size distribution directly in a more general inversion of the data (Holliday 1977a (Holliday , 1977b .
Ecological inferences
The broadband acoustic data revealed important behaviors of the fish. For example, the persistent occurrence of the mixed assembly of fish <10 cm long in the upper water column suggests these species are coexisting for at least as long as the week-long study period. Hypotheses are that these fish are located in the upper water column to avoid predation, their food resources are abundant in this region, or both. The two species of larger fish present in the trawl samples were Atlantic herring and silver hake. During the study period, Atlantic herring were in the process of developing their gonads for spawning and hence were feeding very little to not at all (Collette and Klein-MacPhee 2002) . However, after the herring have spawned and begin to feed, they can predate on small fish, such as small silver hake (J.M. Jech, Northeast Fisheries Science Center, unpublished data). The presence of the >20 cm silver hake in the trawl hauls, as well as the inclusion of the "silver hake shoulder" in the acoustic modeling, suggest they are colocated with these smaller fish and presumably are predating on the smaller fish as well as zooplankton.
It is unknown whether these larger hake reside in the upper water column or migrate at night to feed. Their density was acoustically inferred to be 0.075 m -3 at one of the depths. As adult silver hake typically reside near the bottom, those that move up in the water column must be enduring an expanded swimbladder if they are transient (similar to gadoids (e.g., Arnold and Greer Walker 1992) and coregonids (TeWinkel and Fleischer 1999)), or they have adapted to the shallower depth and are resident for some period of time. In either case, the energetic benefit to these hake (i.e., sufficient resources and reduced competition) should outweigh the costs of leaving the demersal zone. When or why these hake migrate up to this layer and what proportion of the local population utilizes this resource are unknown, but the presence of these fish suggests that this layer provides adequate resources for some individuals and the lower density suggests that this resource is not for the entire local population.
The presence of the elevated (left) shoulder at about 1.7 kHz of the spectral peak within aggregation E may suggest the presence of larger predators at night. Tuna schools are regularly encountered during the NMFS herring survey, as noted by bird and marine mammal observers who routinely make visual observations during the NMFS survey. In addition, blue fish (Pomatomus saltatrix) are captured in mid-water trawls during the NMFS survey in this area, although none were captured during this study. The lack of these species in the trawl catches does not preclude their presence, but the spectral location of the shoulder suggests juveniles of these species may be predating in this layer.
It appears that while the upper water column is not a complete refuge from predation, it provides a suitable haven for juvenile or young-of-year pelagic and semidemersal species. In addition to potentially reducing predation risk, to coexist these smaller fish must be able to partition resources or the resources must not be limiting. Acadian redfish, silver hake, and red and white hake in this size range (2-5 cm) have similar diets and primarily feed on copepods, euphausiids, amphipod and decapod crustacea, mysids, and chaetognaths (Bowman 1981 (Bowman , 1984 Bowman et al. 1987) . Butterfish also have a similar diet but can also feed heavily on ctenophores and salps (Oviatt and Kremer 1977) , thus potentially reducing overlap with the other species. Pearlsides feed primarily on small zooplankton (Collette and Klein-MacPhee 2002) and, although are not thought to reside in the upper water column, could compete for resources when they are at shallow depths. Using the upper frequency bands of the broadband system, detection and quantification of zooplankton is possible (Stanton et al. 2010) . These data could be used to estimate the prey resources, and a bioenergetics approach could be undertaken to investigate whether the available resources are limiting or sufficient and whether residence in this layer is a viable strategy for optimizing growth.
Finally, mixing or colocation of species within an aggregation such as in this study, as well as mixing in a layer or even in a school, is not uncommon. Observations of species mixing are prevalent in coral reef ecosystems (e.g., Ehrlich and Ehrlich 1973; Barlow 1974) , and while less so for open-water environments, there are a number of examples of mixed aggregations in pelagic fish communities (see reviews in Shaw 1978; Pitcher 1986; Fréon and Misund 1999) . Clupeid species can mix with Engraulids (Hobson 1963) , Atlantic mackerel (Scomber scombrus) (Fréon and Misund 1999) , sprat (Sprattus sprattus) (Rudstam et al. 1988) , or other species (Parrish 1989) . In most mixed aggregations there is a dominance of one species, and while the lesser-abundant individuals can benefit from joining a larger school (e.g., improved food detection; hydrodynamic advantages; reduced predation), if they are sufficiently different (visually or behaviorally) from the majority, they can be preferentially predated (Hobson 1963 ).
An alternative hypothesis to the "mixed species aggregation" is that the spectral peak between 3 and 4 kHz in the shallow aggregations is due to Atlantic herring with very little gas in their swimbladder. For the 20-30 cm herring to have had a resonance frequency between 3 and 4 kHz at the observed depths, the amount of gas in their swimbladder would need to be a very small fraction of normal volumes. The pre-spawning herring were in approximately the same developmental phase, the size distribution was unimodal, and the herring were not feeding; thus it seems unlikely that physiological state (e.g., fat content, stomach fullness, and gonad size) was responsible for two separate spectral peaks. Expelling gas has been observed in herring that are avoiding predators (Nøttestad 1998) or possibly communicating (Wilson et al. 2003) . During this study period there were numerous predators of herring visually observed, so the occurrence of herring that may have expelled their gas is possible. The extent to which they expel gas is unknown, and it is not possible to confirm or refute the possibility that herring with nearly depleted swimbladders are present and are wholly or partly responsible for the higher spectral peak. If they were present, then it appears that they joined other herring with fuller swimbladders and did not immediately swim to the surface to re-inflate their swimbladder after expulsion.
The relative paucity of in situ observations of spatial mixing of species may be due to technological and environmental limitations, rather than an actual rarity of occurrence. Most observations of species spatially mixing are inferred from trawl or seine catches, but trawl catches are easily contaminated by organisms outside of the target area unless an opening-closing mechanism is employed in the cod end (e.g., Foote et al. 1996) . Visual observations of schools can provide details of the spatial arrangement within schools such as species-segregated layers (Parrish 1989) or clusters (Hobson 1963) , but these are extremely difficult to obtain owing to sampling volume limitations of optical technologies and avoidance by the fish, especially in pelagic realms. The broadband system finally provides an unobtrusive way (excluding potential ship-avoidance issues) to examine the internal fine-scale spatial structure of schools without behavior or size obscuring interpretation.
Key accomplishments and remaining challenges
A new broadband echosounder has been demonstrated to be a valuable tool in studying mixed assemblages of fish. The use of broadband acoustics represents a significant improvement over narrowband systems, which cannot (spectrally) discriminate between spatially unresolved fish of varying sizes within a given aggregation. Furthermore, this new system and associated new methods are a significant improvement over all previous types of broadband approaches where an aggregation cannot be studied quantitatively or at such high spatial resolution via pulse-compression processing, or both.
Through the use of the broadband sound and signal processing, two major size classes of fish with swimbladders were spectrally resolved and classified. Using broadband calibration, the relative strengths of the echoes from each size class were calculated, leading to inferences of the distribution of the different sizes of fish within an aggregation. The "shoulder" of one of the two major spectral peaks suggested the presence of a third set of resonances, which corresponded to the presence of fish with a slightly different size distribution within the major size class. Whether this was a different species of fish than that causing the major peak remains an open question.
This study shows the great potential this broadband approach has for studying fish ecology such as predator-prey interactions. For example, the scattering spectra revealed that a mix of small fish were colocated with their potential predator, silver hake, over the 1-week period of study in the upper water column. These results suggest that the upper water column was a suitable haven for the small fish despite the risks of predation.
In addition to discriminating size classes of fish, as demonstrated in this study, the long-range goal for broadband acoustics is to conduct a full inversion of the data in which the size distribution is inferred from a combination of trawl sampling and modeling of scattering. However, there are many challenges involving interpretation of the data that first need to be overcome in realizing that goal. For example, there are key parameters of fish anatomy and their acoustic scattering characteristics that need to be quantified for each species under investigation. These include (i) relationship between swimbladder volume and fish length, (ii) depth dependence of swimbladder volume, (iii) depth-change adaptation time of swimbladder volume, and (iv) acoustic damping factors of the swimbladder. Papers cited earlier in this article on these topics and for selected species illustrate the complexity of those parameters as well as the strong dependence upon species.
